We report electrical measurements of the current-induced spin polarization of the surface current in topological insulator devices where contributions from bulk and surface conduction can be disentangled by electrical gating. The devices use a ferromagnetic tunnel junction (permalloy/Al 2 O 3 ) as a spin detector on a back-gated (Bi,Sb) 2 Te 3 channel. We observe hysteretic voltage signals as the magnetization of the detector ferromagnet is switched parallel or anti-parallel to the spin polarization of the surface current. The amplitude of the detected voltage change is linearly proportional to the applied DC bias current in the (Bi,Sb) 2 Te 3 channel. As the chemical potential is tuned from the bulk bands into the surface state band, we observe an enhancement of the spin-dependent voltages up to 300% within the range of the electrostatic gating. Using a simple model, we extract the spin polarization near charge neutrality (i.e. the Dirac point).
map out the spin-dependent voltage as the chemical potential is tuned from the bulk conduction band through the Dirac point and into the valence bulk band. We find that the spin-dependent voltages are enhanced as the chemical potential is moved away from the bulk conduction/valence bands into the surface state band. We also show that we do not observe possible contributions of the opposite spin polarization from Rashba spin-split bands within the range of the electrostatic gating.
II. SAMPLE SYNTHESIS AND DEVICE FABRICATION
(Bi,Sb) 2 Te 3 thin films were grown on SrTiO 3 substrates by molecular beam epitaxy (MBE). 23 We used a Bi:Sb ratio of ∼1:1 to place the chemical potential into the bulk band gap. The samples had film thicknesses of 7 nm (S1), 8 nm (S2), and 6 nm (S3); this minimizes contributions from unpolarized bulk carrier conduction and allows the tuning of the electron chemical potential of both the bottom and top surfaces by back gating. We note that the film thicknesses are above the limit where Dirac point is disrupted by hybridization of the top and bottom surface states 16, 24, 25 .
For clean measurements of the surface state spin polarization, we developed a device geometry that restricts all measurements to the top surface [ Fig.1(a) ]. We first define a crossshaped (Bi,Sb) 2 Te 3 channel by standard photolithography followed by Ar plasma etching.
A bilayer photoresist window of circular or rectangular shape is then patterned at the center of the cross-shaped channel. The bare surface of the topological insulator is cleaned using a low-power Ar plasma etch (15 W for 20 s) that removes possible native oxides and photoresist residues along with ∼1 nm (Bi,Sb) 2 Te 3 . Following the sputter deposition of an Al 2 O 3 seed layer (∼0.3 nm), we use atomic layer deposition (ALD) for conformal deposition of an Al 2 O 3 layer (2.1 nm for devices on S1 and 1.8 nm for devices on S2) over the topological insulator surface. A Py layer (20 nm) and a thin Au capping layer (5 nm) are then deposited by ebeam evaporation, followed by a lift-off process. Finally, the top of the MTJ is extended to two Au contact pads over a 60-nm-thick Si 3 N 4 layer to isolate the MTJ from the topological insulator channel as shown in Figs.1(b) and 1(c). Each sample has multiple devices with various MTJ areas. The five devices studied in this paper are listed in Table I .
For microstructural analysis, a device was cross-sectioned using a focused ion beam (FIB, FEI Quanta 200 3D) and then imaged using high-angle annular dark-field scanning trans- 
III. RESULTS AND DISCUSSIONS
A. Ambipolar transport of (Bi,Sb) 2 Te 3
We first discuss the back-gate-voltage (V G ) dependence of the channel resistance and the B. Weak anti-localization of (Bi,Sb) 2 Te 3
To further understand the surface and bulk conduction in the (Bi,Sb) 2 Te 3 films with respect to the gate voltage, we carried out magneto-transport measurements using the same wiring configuration. Near 2 K, the magneto-resistance of a topological insulator channel shows a sharp cusp near zero magnetic field as shown in the inset to the Fig.2(d) . This suppression of resistance near zero magnetic field can be explained by weak anti-localization, typically seen in conventional 2D metals with strong spin-orbit coupling 26 as well as in 3D topological insulators that have a non-trivial π Berry's phase 13 . The quantum corrections to the diffusive magneto-conductance are given by
Here, σ is the 2D channel conductivity and can be determined from the 2D channel resistivity ρ xx and 2D Hall resistivity ρ xy via σ = ρ xx /(ρ 2 xx + ρ 2 xy ). Also, e, , ψ(x), α, and l φ are the electronic charge, the Planck's constant, the digamma function, the pre-factor, and the coherence length, respectively. Different types of localization behaviors can be identified by the values of the pre-factor α, which takes on values of 1, 0, −1/2 for the orthogonal, unitary and symplectic classes, respectively. 27 The weak anti-localization behavior of the surface state of a 3D topological insulator is in the symplectic class with α = −1/2 expected for one channel conduction of a surface state or bulk-carrier-coupled top and bottom surfaces. surfaces have become decoupled, independent conduction channels. α changes faster with the chemical potential as it is lowered from the charge neutrality point towards the valence band because the Dirac point of (Bi,Sb) 2 Te 3 is closer to the top of the valence band than the bottom of the conduction band. We note that the contact resistance was subtracted before fitting the two-terminal magneto-resistance data to Eq.(1).
C. Tunnel junction properties
The RA product of the tunnel junctions is in the range 10 6 -10 7 MΩ·µm 2 . We observe qualitatively similar behavior of the gate-voltage dependence, the tunnel junction characteristics, 
where R B , p, and m represent ballistic resistance, degree of the spin polarization per unit current in the topological insulator channel, and effective magnetic polarization of ferromagnet, respectively. 17 Depending on the position of the chemical potential tuned by the electrical gating, the measured spin-dependent voltages may originate not only in the topo-logical insulator surface states but also in the Rashba spin-split bands. Equation (2) is applicable to the spin-dependent voltages from combined conduction channels including the surface states, the Rashba spin-split bands, and the unpolarized bulk bands in both ballistic and diffusive limits. 
We do not observe any sign change in ∆V throughout the V G range, suggesting that with a fixed current bias, the carrier type change from n to p does not flip the direction of the measured spin polarization. This observation is fully consistent with dominant contributions to the spin polarization originating from the helical Dirac surface states since we use a dc current for the measurement. For a given crystal momentum, the spin polarization of holes is opposite to that of electrons. However, with a fixed DC current, the propagation direction of holes (below the Dirac point) is the reverse of the propagation of electrons (above the Dirac point). Therefore, the opposite spin polarization and the opposite propagation direction between electrons and holes make the sign of the detected spin-dependent voltages remain the same above and below the Dirac point. 12 We also note that our observations do not reveal any significant contributions from co-existing Rashba states which would have resulted in the opposite behavior due to the spin polarization being opposite to that of topological surface states 17 . For the latter, we assume that the Rashba bands minimum is close to the bottom of the conduction band and the chemical potential is tuned above the Rashba bands minimum. It is also possible that in the measurement range the chemical potential does not lie on any Rashba spin-split bands. Our studies of ambipolar transport and weak anti-localization at different gate voltages suggest that, near the charge neutrality point, the bulk is depleted and a current flows only through the surface states. In this case, we can calculate k F using the lowest carrier density near the charge neutrality point (7. 
IV. CONCLUSIONS
In conclusion, we have carried out electrical measurements of the spin polarization of the surface currents in electrically gated (Bi,Sb) 2 Te 3 devices as a function of the chemical potential. We estimate the spin polarization of the topological surface state to be 0.42±0. 15 and 0.78 ± 0.26 from two devices. Larger spin-dependent voltages were detected as the chemical potential approaches the Dirac point. Our results suggest that to achieve the maximum spin-dependent voltages from 3D topological insulators it is important to avoid the effects from the bulk bands, such as the parallel conduction of the unpolarized bulk carriers or the opposite spin polarization by Rashba spin-orbit interaction. Also, the results point toward a new strategy for electrical control of the magnitude of spin-dependent voltages from the current-induced spin polarization for potential topological spintronics, using gatetunable topological insulator films.
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